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The paper describes the adsorption of puriﬁed protein from seeds of Moringa oleifera to a sapphire inter-
face and the effects of addition of the anionic surfactant sodium dodecylsulfate (SDS) and the cationic
surfactant hexadecyltrimethylammonium bromide (CTAB). Neutron reﬂection was used to determine
the structure and composition of interfacial layers adsorbed at the solid/solution interface. The maximum
surface excess of protein was found to be about 5.3 mg m2. The protein does not desorb from the
solid/liquid interface when rinsed with water. Addition of SDS increases the reﬂectivity indicating
co-adsorption. It was observed that CTAB is able to remove the protein from the interface. The distinct
differences to the behavior observed previously for the protein at the silica/water interface are identiﬁed.
The adsorption of the protein to alumina in addition to other surfaces has shown why it is an effective
ﬂocculating agent for the range of impurities found in water supplies. The ability to tailor different sur-
face layers in combination with various surfactants also offers the potential for adsorbed protein to be
used in separation technologies.
 2015 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Protein adsorption to surfaces is common inmany biological and
industrial processes. Knowledge of the mechanism of adsorption
and the structure of the adsorbed protein layers is important inareas relevant to biology (protein chromatography, cellular adhe-
sion), medicine (biomedical materials), food processing (stabiliza-
tion of foams and emulsions, fouling of equipment) and
biotechnology [1]. Protein adsorption is a common phenomenon;
wherever proteins come into contact with a solid interface, they
are very likely to adsorb to it. The adsorption phenomena of protein
molecules include a number of interactions at solid–liquid inter-
faces [2,3]. To understand the interaction between protein mole-
cules and solid surfaces it is important to consider many factors,
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example the roughness and chemical dissociation, properties of
the protein molecules like the folding and isoelectric point, and
the solution conditions for the protein [4].Manyproteins are amphi-
philic because they contain a mixture of amino acids with
hydrophobic chains and ionic or polar side chains. They aggregate
in solution and may be surface active even at very low
concentrations.
This study addresses the adsorption from dilute aqueous solu-
tion of protein extracted from Moringa oleifera (MO) seeds to alu-
minum oxide surfaces. There is a large body of literature
investigating the MO protein as an effective ﬂocculating agent in
water puriﬁcation [5–9]. Although the details of the mechanism
of water puriﬁcation are not yet well understood, there is evidence
that the role of the protein is directly related to adsorption [10,11].
There are general reviews about the chemistry ofMoringa products
that also relate to economic and environmental issues [12,13].
Information on the amount of material that is adsorbed at the sur-
face, the structure of the adsorbed layer and how this relates to
concentration in solution is obviously of crucial importance in
making efﬁcient use of the protein and providing water with low
levels of both impurities and additives. To understand the adsorp-
tion mechanism, well-deﬁned interfaces are required to avoid any
ambiguity originating from the substrate surface. The binding of a
water puriﬁcation protein to silicon oxide (SiO2) and its interaction
with an anionic surfactant sodium dodecylsulfate (SDS) has been
investigated previously using neutron reﬂection over a range of
solution conditions with different concentrations of surfactant
using an in-situ solid/liquid adsorption cell [10]. This technique
is able to measure not only the adsorbed amounts but also pro-
vides information about the surface/interfacial structure of the
adsorbed protein at a resolution that cannot be obtained currently
using other methods. Interaction of adsorbed proteins with surfac-
tants is of interest as displacement of functional layers may be sig-
niﬁcant. In the case of water treatment, natural surfactants may
occur in the water to be treated. In food applications, stabilization
of foams and emulsions may depend on the interaction of proteins,
as steric stabilizers, with other surfactants.
The use of the Moringa seed protein as a ﬂocculating agent and
the unusual dense ﬂocs with a high fractal dimension that are
formed has been studied using small-angle and ultra small-angle
neutron scattering [14]. Results were discussed primarily in the
context of water puriﬁcation. The present work has been designed
to investigate the range of materials that will interact with the pro-
tein and thus removed in a puriﬁcation process. The study with
added surfactants suggests how selectivity of adsorption can be
achieved and could be exploited in processes such as separation
of different types of particles, for example in mineral processing.
Crystals of sapphire (a-Al2O3) are convenient substrates for
studies of adsorption to alumina because it has an advantageous
combination of optical and mechanical properties e.g. [15,16].
The chemical properties of sapphire surfaces are important factors
when the surfaces are brought into contact with an aqueous solu-
tion [17–20]. For the present study, sapphire was chosen as a good
model for a mineral surface that does not have strong negative
charge in a solution at neutral pH. The isoelectric point (iep) of alu-
mina, which is the pH at which the surface has a net charge of zero,
is reported in literature to be between pH 6–8.5 and depends on
the crystal plane [21]. This is close to neutral pH which makes it
easy to achieve either a positively or negatively charged surface.
Silica, SiO2, another commonly used substrate for surface adsorp-
tion studies has an iep of about 2, making only a neutral or
negatively charged surface practically available. The study by
Isono et al. [22] has reported the point of zero charge for
single-crystal sapphire to be below pH 7. The surface charge arises
from deprotonation and protonation of hydroxyl groups on thesurface. Measurements of the contact angle of water show that
the sapphire surface is macroscopically hydrophilic [21].
This paper reports the results of adsorption of MO protein to
sapphire substrates and the effect of added surfactant using neu-
tron reﬂection. We have recently studied the adsorption of differ-
ent surfactants to sapphire [17–20]. In the present study, the
surfactants were chosen as simple proxies for materials that might
occur in real applications and we used sodium dodecylsulfate
(SDS) and cetyltrimethylammonium bromide (hexadecyltrimethy-
lammonium bromide or CTAB), which are anionic and cationic,
respectively. In a previous study of the adsorption of the MO pro-
tein on SiO2, SDS was found to co-adsorb to the irreversibly bound
protein layer [10]. The SDS did not displace the protein even at a
concentration above the critical micelle concentration (cmc). The
adsorbed layer of protein apparently binds SDS into a denser layer
at the surface. Although the protein has a net positive charge and is
thus likely to bind to a negatively charged silica surface, SDS does
not simply cause desorption by neutralizing the protein.
2. Experimental principles and interpretation of neutron
reﬂection data
Neutron reﬂectometry is widely used to study adsorption on
ﬂat solid substrates and at air–liquid interfaces [23,24]. The mea-
sured signal depends on the variation of the refractive index, n,
in the direction perpendicular to the surface. The experiment
involves determination of the reﬂectivity of an interface as a func-
tion of the wavelength or angle. The data allows quantitative,
structural, and compositional information about the adsorbed
material to be obtained at molecular length scales. In specular neu-
tron reﬂection, the ratio of the intensity of the reﬂected beam to
that of the incident beam is measured as a function of the momen-
tum transfer, Q normal to the reﬂecting surface. The specular con-
dition occurs when the angle of the incident beam is equal to the
angle of the reﬂected beam and Q is given by
Q ¼ ð4p=kÞ sin h ð1Þ
where k is the incident neutron wavelength and h is the angle of
incidence. Measurements can be made using combinations of differ-
ent wavelengths and incident angles. The scattering is a nuclear
interaction, and information is derived via the scattering length
density of the materials, given by
q ¼
X
Nibi ð2Þ
where Ni is the number density of the element or isotope i, and bi is
the coherent neutron scattering length of the species. The scattering
length density, q, determines the refractive index, n, for the neu-
trons, which is given by:
n ¼ 1 ðk2=2pÞq ð3Þ
A particular advantage of neutron reﬂection is that b can vary
between isotopes of an element and there is a large difference
for normal hydrogen (1H) and deuterium (2H or D). Table 1 shows
the scattering length densities of materials used in the present
study. By matching q for the solvent with that of the substrate,
one can obtain a reﬂection signal that depends only on the interfa-
cial layer. Making additional measurements with different hydro-
gen and deuterium composition in the solvent allows one to
verify the composition of surface layers as q is related to the vol-
ume fraction of each component in the layer by
q ¼ /pqp þ /wqw ð4Þ
and the constraint /p þ /w ¼ 1 is used. qp and qw are the scattering
length densities of protein and water, respectively, and /p and /w
are their respective volume fractions. If a protein molecule has a
Table 1
Properties of materials used.
Material Chemical
formula
Density
(g cm3)
Scattering
length
density
(106 Å2)
Water H2O 0.997 0.56
Heavy water D2O 1.105 6.35
Alumina Al2O3 3.98 5.71
Moringa protein (in H2O) 1.35 1.46
Moringa protein (in D2O) 1.36 2.60
Sodium dodecylsulfate (SDS) NaC12H25SO4 1.01 0.34
Deuterated sodium
dodecylsulfate (d-SDS)
NaC12D25SO4 1.10 5.83
Hexadecyltrimethylammonium
bromide (CTAB)
C16H33N(CH3)3Br 1.14 0.35
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atoms), the area per molecule, A, and the interfacial layer of thick-
ness, tL, are related by
A ¼ bp=ðtL/pqpÞ ð5Þ
These equations can be extended readily to layers that consist
of mixtures of different components, such as surfactants with pro-
tein or to multiple layers with gradual changes of composition
[17]. If an adsorbed surfactant is modeled as a single layer and
the molecule has a total scattering length bs (from the sum of bi
for all component atoms), the area per molecule, A, in an interfacial
layer of thickness, tL, can be can calculated using Eq. (5) above.
The surface excess, C, in mass per unit area can be obtained
from
C ¼ MW=ANA ð6Þ
where MW is the molecular mass of the adsorbate and NA is
Avogadro’s constant.
The reﬂectivity for an interface can be calculated using conven-
tional methods of optics with a recursive matrix algorithm that
divides the structure into layers of deﬁned refractive index and
thickness, t. It is also straightforward to include a small amount of
roughness or mixing of components between adjacent layers using
an approximation for a Gaussian height proﬁle at the surface [23].
The experimental advantages of neutron reﬂection include the
ability to measure buried interfaces such as those between a crys-
tal and a liquid. Neutron beams are attenuated little on passing
through single crystals and the transmission of 50 mm of sapphire
is about 60% for the wavelengths used in the present study. In the-
se experiments, the beam passes through a crystal, entering at
almost normal incidence on a ﬂat face, and then reﬂecting at a
glancing angle from an internal surface. The reﬂecting face of the
crystal is clamped against a PTFE seal that retains the solution of
interest so as to provide information about the adsorbed layers
at the solid/liquid interface. Details of geometry and cell design
have been provided in previous papers [25,26].
As neutron reﬂection measures directly macroscopic interfaces,
it can be applied to investigate adsorption for systems that are not
stable colloids. It can therefore be used to provide quantitative
information about the structure of interfacial layers over a wide
range of external conditions. Measurements with different con-
trasts of solvent or by labeling parts of surfactant molecules allows
the relative amounts of different components in layers near a sur-
face to be determined.3. Materials
SDS ‘Sigma Ultra grade’ (cmc in H2O at 25 C = 8.2 mM) and
CTAB (cmc in H2O at 25 C = 0.92 mM) were purchased from
Sigma–Aldrich and Fluka, respectively, and were both usedwithout further puriﬁcation. For the neutron experiments, water
was obtained from a Millipore system and heavy water, D2O, was
supplied by EURISO-TOP, CEA, Saclay. The MO seeds were obtained
from suppliers in Botswana and Zambia and were stored at room
temperature prior to extraction of the protein as described in pre-
vious papers [27–30]. Protein solutions were prepared by tumbling
overnight. The pH (pD) of 0.2 wt% solutions were found to be in the
range 6–6.8.4. Experimental methods
4.1. Measurement procedures and characterization of the substrate
Measurements were made on the surface of a single crystal of
sapphire, Al2O3. Prior to use, the sapphire substrate was cleaned
with dilute ‘Piranha’ solution (aqueous mixture using volume frac-
tions 0.1 of H2O2 (30 wt% in water), 0.4 H2SO4 (conc. 96.0%) and 0.5
H2O at a temperature of between 70 and 80 C for 15 min. Note that
although this reagent is less aggressive than the usual ‘Piranha solu-
tion’, protective equipment and clothing are essential. The mixture
removes organic impurities from the substrate surface. The surface
was then rinsed extensively with ‘Millipore’ pure water. The clean-
ing procedure is important as it may affect the substrate surface
chemistry. The substrates used for the data reported here were
all cleaned in the same way and characterized by neutrons prior
to adsorption. The other parts of the cell and connecting tubing
were cleaned with Decon 90™, followed by extensive rinsing with
pure water.
The neutron reﬂectivity experiments were performed on the
reﬂectometer D17 at the Institut Laue Langevin, Grenoble
(France) [31,32]. The time-of-ﬂight (TOF) mode used neutron
wavelengths between 2 and 24 Å to provide reﬂectivity data over
a wide range of Q simultaneously. The average Q resolution was
approximately 5% in the current measurements. Data were record-
ed at two incident angles of 0.8 and 3.2, with collimating slits
varied accordingly to ensure a constant footprint on the sample.
Depending on the intensity of reﬂectivity measured, this permitted
collection of reﬂectivity in the range of Q from about 0.0075 to
0.25 Å1, although few samples showed signiﬁcant measurable sig-
nal beyond 0.2 Å1.
The PTFE gasket between the crystals was machined so that
connectors for tubing from a Knauer Smartline 1000 HPLC pump
with Smartline Manager 5000 degasser unit could be attached to
ﬁll and ﬂush the sample cell automatically. The pump was pro-
grammed to inject speciﬁc mixtures from appropriate stock solu-
tions. The volume of the cell is about 3 mL, and in these
experiments, 10 mL of each solution was ﬂushed through the cell
with a ﬂow-rate of 2 mL min1 to ensure complete exchange of
the sample.4.2. Model ﬁtting
Neutron reﬂectivity, in common with other scattering tech-
niques such as small-angle scattering, cannot always yield a
unique structure from direct inversion of the data. The reﬂectivity
curve is instead ﬁtted with a model scattering length density pro-
ﬁle consisting of the layer compositions and thicknesses, along
with the shape of the interfacial mixing proﬁles between layers
in the ﬁlm. In practice, one must utilize as much ancillary informa-
tion as possible to constrain the model used to ﬁt the neutron
reﬂectivity curve, as it is possible to ﬁt a data set simply by adding
more model parameters. The key to robust structural characteriza-
tion is to construct scattering length density proﬁles consistent
with multiple measurements of the same sample with the mini-
mum number of adjustable parameters needed for a good ﬁt. All
00.001%
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Fig. 2. Neutron reﬂectivity data for the MO protein at concentrations from 0.001 to
0.2 wt% on a sapphire surface in D2O. The solid lines are the typical ﬁts of the
reﬂectivity data (the error bars are sometimes smaller than the data point symbols).
Each data set is offset on increasing concentration by 101 for clarity.5. Results and discussion
5.1. Characterization of the substrate
Experiments were carried out to check the substrate cleanliness
and to characterize the interface before further studies of adsorp-
tion were made of the protein and protein-surfactant mixtures.
To characterize the sapphire surface, reﬂectivity proﬁles were ﬁrst
measured in pure water with different isotopic contrasts 50% D2O,
H2O and D2O in this order, a typical data set is shown in Fig. 1. A
model was found in a combined ﬁt of the three contrasts for reﬂec-
tion data in the range of Q from 0.008 to 0.15 Å1 for 50% D2O and
H2O contrasts and only up to Q equal to 0.032 Å1 for D2O due to
the low signal seen at larger Q. A summary of the densities and
scattering lengths of the materials is provided in Table 1. The sap-
phire substrate was found to have a surface layer with about 15%
reduced density over a thickness 15 ± 2 Å with a solvent fraction
of about 20% in the outer 5 Å of this layer. A roughness of 4 Å at
the sapphire surface was included in the ﬁt of the clean substrate.
These parameters were used for the substrate in the models of the
adsorbed protein.5.2. Adsorption of protein on sapphire
Neutron reﬂection experiments were used to measure the
adsorption of the MO seed protein to sapphire both in the absence
of surfactant as well as with added SDS and CTAB. The MO protein
is clearly seen to adsorb to sapphire as the measurements showed
changes of reﬂectivity and a pronounced fringe appears as the con-
centration of protein increased as shown in Fig. 2. This adsorption
reaches a plateau for concentrations between 0.05 and 0.2 wt%. It
was possible to rinse the surface of adsorbed protein with pure
D2O without signiﬁcantly changing the reﬂectivity, see below.
This allowed measurements with other contrasts of water (H2O)
for the concentration of 0.2 wt% and thus a structural model for
the layer could be established. The ﬁt shown in Fig. 2 corresponds
to the structure of the sapphire interface described previously with
two additional layers of hydrated protein and then a continuous
exponential decay of protein density toward the bulk solution. In
this analysis, the scattering length density of the layers that repre-
sent hydrated protein are allowed to vary between that for the pro-
tein in the appropriate solvent allowing for proton exchange and-7
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Fig. 1. Reﬂectivity data for the clean sapphire substrate in different contrasts of
water: h H2O, s 50% D2O and D D2O. The solid lines are calculated using a layer
thickness of 15 Å.that of the pure solvent. The volume fraction is calculated from
the known material properties listed in Table 1. The parameters
for the combined ﬁt are shown in Table 2. The diffuse structure
at the solution interface is represented by an exponential decay
of protein density away from the surface as such large inhomoge-
neous regions are not well represented by a small roughness. A
roughness of 5 Å was included between the protein layers 1 and
2 in all the model curves.
The model corresponds to an adsorbed amount of
5.3 ± 0.5 mg m2 with a volume fraction of protein of 0.52 near
the surface, 0.38 further out in a second layer, which then decays
exponentially to zero. The uncertainty has been estimated as a
combination of the statistics of counting giving rise to deviations
in the ﬁtted functions and systematic errors. These estimates are
shown in the tables of ﬁt parameters. Other functions for the pro-
tein density with broadly similar shape could also ﬁt the data but
neither the amount at the surface nor the overall length scales are
changed signiﬁcantly in these models.
The density proﬁle of the protein calculated from the ﬁt is
shown in Fig. 3 and the adsorption isotherm is similar to that seen
at SiO2 surface previously [10,11] in that the structure of the layer
in equilibrium with protein solution is similar. However, the
adsorbed amount is considerably higher at the SiO2 surface for
the same protein concentration. For comparison, the adsorption
data from the previous studies on silica and on polystyrene latex
particles are also shown in Fig. 3.
Although the availability of neutron beam time precluded the
measurements of multiple contrasts for all concentrations of pro-
tein, the adsorption isotherm for the protein in pure water (D2O)
was determined (see Fig. 3). In this contrast, the reﬂected signal
is dominated by the amount of adsorbed interfacial material,
which allows surface excess to be determined readily. The data
shows that there is a plateau in the surface excess at about
5.5 mg m2. The adsorption of the protein on silica may be ascribed
to electrostatic interaction between the positively charged protein
and the negatively charged surface. As the sapphire, in contrast to
silica, will be close to the iep at pH 7 the driving force for adsorp-
tion is likely to be different.5.3. Effect of rinsing with water
Measurements were made to investigate whether the protein
could be displaced with either water or surfactants. As the differ-
ence of scattering length density between D2O and sapphire is
small, although not perfectly matched, the overall level of
Table 2
Fit parameters for the protein layer in water with concentration 0.2 wt%.
Layers
contrast
Protein layer 1 thickness
(±2 Å)
q for layer 1
(±0.2 106 Å2)
Protein layer 2 thickness
(±2 Å)
q for layer 2
(±0.2 106 Å2)
Exponential decay length
(±2 Å)
Å 106 Å2 Å 106 Å2 Å
D2O 35 4.6 33 5.1 22
H2O 35 0.8 33 0.4 22
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Fig. 3. Adsorption isotherm of MO seeds protein in pure D2O to sapphire (s)
deduced from the neutron reﬂectivity data and ﬁts (parameters shown in Table 3).
For comparison the adsorption measured in previous studies to silica [10] ( ) and
to polystyrene latex [14] ( ) are also shown. The inset shows the protein volume
fraction proﬁle for the highest concentration of protein on sapphire.
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indication of the amount of hydrogenous material at the interface.
Fig. 4 shows the effect of rinsing pre-adsorbed protein on sap-
phire with 20 mL of D2O. Since the curves before and after rinsing
overlap, it is clear that the protein is not removed by ﬂushing the
cell with D2O. A similar irreversible adsorption behavior was
observed in the experiments carried out previously by
Kwaambwa et al. [10] for an adsorbed layer of M. oleifera protein
on a silica substrate after rinsing with water.5.4. Effect of adding SDS at different concentrations
Fig. 5 shows the effect of exposing the pre-adsorbed protein lay-
er to successively higher concentrations of SDS in D2O. At lower
SDS concentrations (i.e. 0.12, 0.24 and 0.48 mM), the curves over-
lap. In comparison, when adding SDS to a protein layer adsorbed
on silica surface, co-adsorption was apparent at lower-7
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Fig. 4. Effect of rinsing adsorbed protein on sapphire, after exposure to a solution of
0.05 wt% protein (s), with pure water, D2O (continuous line).concentrations (certainly by 0.24 mM) [10]. However, the data
indicate that there are signiﬁcant changes in the adsorbed layer
for surfactant solution concentrations of 0.96 mM and above.
Signiﬁcant effects are visible even well below the critical micelle
concentration (CMC), 8.8 mM, of the surfactant. This effect is clear
from the data where the reﬂectivity is increased and the fringe in
the reﬂectivity is less pronounced. The observed effect of SDS is
in agreement with previous physical measurements by
Maikokera and Kwaambwa of surface tension [27,28], ﬂuorescence
[29], circular dichroism [30] and viscosity [34] when studied as
function of SDS surfactant concentration for 0.05 wt% protein solu-
tion. All measurements exhibited either maximum or minimum at
a critical SDS concentration of about 1 mM.
Rinsing the sample with water after exposure to SDS reduces
the change seen when SDS was added. This suggests that some
material is removed upon rinsing. Neutron reﬂection measure-
ments with only one solvent contrast in D2O do not allow unam-
biguous distinction as to whether it is the protein or surfactant
that is removed, or some of both.
Approximate ﬁts to the data for 0.96 and 2 mM SDS can be
made with layers that have the same thickness as in the sample
with no SDS. The scattering length density is lower than that of
the layers of protein. If one assumes that the protein remains with
an unchanged distribution, then it is easy to estimate the amount
of SDS in the layers. The results for ﬁts to the data are shown in
Table 4. Using the same model, when constrained in the same
way to the 12 mM SDS data, the ﬁt is poor and not physically
meaningful. For the 12 mM SDS data a better model to ﬁt data is
obtained with a thinner, denser layer, near the sapphire surface.
When the 12 mM SDS sample was rinsed with D2O, the reﬂectivity
curve does not resemble either the data from protein with SDS
measured before rinsing or the original adsorbed protein layer.
The reﬂectivity after ﬁnal rinsing with D2O is very low which sug-
gest that some material is removed that could be either protein or
SDS.
The changes in the adsorbed protein layer with SDS at the high-
er concentrations are shown in more detail in Fig. 6. The
experimental protocol involved rinsing the protein adsorbed on-7
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Fig. 5. Effect of addition of SDS at different concentrations to a pre-adsorbed layer
of MO protein (solutions in D2O).
Table 3
Fit parameters for the protein in D2O at various concentrations.
Protein
concentration
Protein layer 1
thickness (±2 Å)
q for layer 1
(±5%)
Protein layer 2
thickness (±2 Å)
q for layer 2
(±5%)
Exponential decay
length (±2 Å)
C
(±10%)
Volume fraction – near
surface ± 0.05
wt% Å 106 Å2 Å 106 Å2 Å mg m2
0.001 14 4.4 42 6.0 12 1.7 0.52
0.025 24 4.6 40 5.6 13 3.1 0.46
0.01 14 4.0 44 5.9 11 2.2 0.62
0.05 22 4.4 39 5.2 22 4.5 0.52
0.1 37 4.6 30 5.1 23 5.2 0.46
0.2 39 4.6 32 5.1 21 5.3 0.46
Table 4
Fit parameters for the protein/SDS in D2O-based on joint ﬁt to all contrasts.
SDS
concentration
Thickness adsorbed layer 1
(±2 Å)
q layer 1
(±0.2 106 Å2)
Thickness adsorbed layer 2
(±2 Å)
q layer 2
(±0.2 106 Å2)
Length
(±2 Å)
/1 SDS
(±0.02)
/2 SDS
(±0.01)
mM Å 106 Å2 Å 106 Å2 Å
0.96 36 3.96 32 5.03 24 0.11 0.01
2 36 3.38 32 4.44 24 0.21 0.10
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(Fig. 6) and pure H2O (supporting information Fig. S1). The addition
of 12 mM SDS increases the reﬂectivity and the sharp fringe dimin-
ishes which is indicative of the disappearance of a thick,
well-deﬁned layer. Rinsing with D2O causes the curve to move
toward that observed for the clean sapphire/D2O interface but it
does not overlap with the data for a clean interface.
Additional measurements with SDS prepared with the alkyl
chains substituted fully with deuterium in place of normal hydro-
gen, provided by the Oxford deuteration laboratory allow us to
conﬁrm that there is some adsorption or binding of SDS to the pro-
tein layer. The data are shown in the supporting information
(Fig. S2). Consistent ﬁts to all the contrasts could be made under
the assumption that the amount of adsorbed protein is unchanged
when the surfactant solution is present, models with proﬁles simi-
lar to those described above with some SDS.5.5. Effect of adding CTAB at different concentrations
A similar series of measurements were made to study the inter-
action of the cationic surfactant CTAB with a layer of pre-adsorbed
protein. The data for measurements of solutions in D2O are shown
in Fig. 7.-7
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Fig. 6. Reﬂectivity of pure D2O (D), 0.2 wt% solution of MO protein in D2O (s) and
with 12 mM SDS/D2O (e), and after rinsing with 20 mL of D2O (solid line). The
parameters and the derived amount of SDS are shown in Table 4, the inset shows
the ﬁts to the 0.96 and 2 mM SDS data.When a solution of 9.0 mM CTAB dissolved in D2O is added,
higher reﬂectivity is observed and the fringe disappears similar
to that observed for protein with a SDS solution, suggesting that
a dense, thinner layer is formed. The CMC of CTAB in pure water
is 0.9 mM and so this concentration corresponds to 10  CMC.
Unfortunately with the data available for just one contrast, it is
not possible to identify whether the surfactant has displaced
entirely the protein from the interface and formed its own
adsorbed interfacial layer or whether there is some protein
remaining. Further rinsing of the substrate with D2O causes the
reﬂectivity to drop and the data overlaps with that observed for
the clean sapphire/D2O interface, shown in Fig. 8 (supporting infor-
mation Fig. S3 shows data for a further rinse with H2O). This indi-
cates that the adsorbed protein may have been removed by the
process of rinsing ﬁrst with CTAB and then with D2O. The behavior
of protein being displaced completely after rinsing with CTAB and
then with water is in contrast to the behavior with SDS.5.6. Comparison with different adsorption substrates
It is interesting to compare the observations reported here with
the recent study of adsorption of MO protein at the silica-solution
interface (see Fig. 3) as well as considering the behavior of the pure
surfactants at the sapphire solution interface [10]. At the silica-7
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Fig. 7. Effect of added CTAB at different concentrations to a pre-adsorbed layer of
MO protein (solutions in D2O); D 0.2% protein, h 0.3 mM CTAB, 0.9 mM CTAB, 
2.7 mM CTAB, 9.0 mM CTAB.
Fig. 8. Reﬂectivity of pure D2O (solid line), 0.2 wt% solution of MO protein in D2O
(s) and in 10 mM CTAB/D2O (D) and after rinsing with 20 mL of D2O (dashed line).
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co-adsorb. The protein was not displaced by rinsing with water
and was seen to extend through a thick region that corresponded
approximately to the thickness of the protein layer. At neutral
pH, SDS does not adsorb to silica but does adsorb to the sapphire
surface as a thin, dense layer [20].
At the sapphire surface, the Moringa protein can be removed by
rinsing with either SDS or CTAB and then with water. The CTAB is
seen to cause desorption of all the protein leaving a bare clean sur-
face after rinsing. However, in the case of SDS, ﬂushing with a small
amount of water does not remove all of the adsorbed material. It is
however known that SDS does bind to sapphire and it is not dis-
placed by water and so it is likely that it is co-adsorbed more
strongly.5.7. Comparison of interaction with different surfactants – relation to
applications
The Moringa seed protein on its own binds to a broad range of
different materials – these can have very different polarity and iso-
electric points. Although at neutral pH the protein is cationic, the
range of pKa for the different amino acids can give rise to various
ionic association as well as hydrophobic interactions. Interaction
with surfactants is interesting in relation to various current and
potential applications. In water puriﬁcation there can be a range
of contaminants in the supply and it is important that natural sur-
factants would not alter signiﬁcantly the tendency to act as a ﬂoc-
culating agent. The experiments with SDS suggest that anionic
surfactants that are widespread would leave some material
adsorbed to alumina as found previously with silica [10].
Cationic surfactants have a range of speciﬁc applications such as
in mineral processing. It is apparent that the interaction of CTAB
with alumina is sufﬁcient to displace the protein. The surfactant
can then be removed by rinsing with pure water. The possibility
to tailor a combination of protein and appropriate surfactants to
modify the surface of speciﬁc oxides so as to have different inter-
actions suggests a means to develop separation methods for differ-
ent minerals. This should be the subject of further studies.6. Conclusions
The adsorption of MO seed protein to alumina has been studied
using neutron reﬂection. A diffuse layer of protein that extends
from a denser but hydrated layer near the surface is observed. A
plateau in the adsorbed amount is reached for concentrations
above 0.1 wt%. This structure is similar to that reported for the
adsorption on silica [10]. There is however an importantdistinction between the two interfaces: on alumina the protein is
not bound strongly to the interface and could be readily displaced
whereas for the silica surface, the protein was seen to be irre-
versibly bound. For example, rinsing with solutions of the anionic
surfactant SDS and water could remove most of the adsorbed pro-
tein. Exposure to the cationic surfactant CTAB provided essentially
a clean substrate.
Norde and Lyklema [35] have provided a review of the binding
of globular proteins to interfaces and comment that adsorption is
often irreversible and that a plateau is usually reached when mole-
cules are close-packed at the interface. The present work provides
interesting and contrasting results: the neutron reﬂection results
indicate clearly that the thickness and the amount of material cor-
responds to several adsorbed molecules with a total thickness larg-
er than a single molecule. An important distinction between M.
oleifera seed protein and the immunoglobulins is that MO has a
marked tendency to associate in solution although at low concen-
trations, up to 0.2 wt%, light scattering [36] did not indicate very
large aggregates. The results suggest that further comparison of
the association in solution and the structure of adsorbed layers will
be valuable for proteins under a range of physicochemical
conditions.
In applications such as use of Moringa seed protein as a ﬂoccu-
lating agent for water puriﬁcation [5], it is important to understand
how much material is required for different levels of contamina-
tion and different types of impurities. Adding excess that would
remain in the water causes not only expense and waste but could
cause increased oxygen demand in treated water. The new results
will help to guide optimized use in practical applications [12].
The present results demonstrate that the binding of the protein
to an interface does depend on the chemical nature of the substrate
and is not simply a consequence of the hydrophobic nature of the
protein and can depend on favorable interactions with the sub-
strate. The ability of the protein to bind to different oxide surfaces
as well as other materials is clearly important in its uses as a ﬂoc-
culating agent that can be used in water treatment. The conse-
quences of displacement of the protein with surfactant from
speciﬁc particles are interesting for application purposes as this
implies that the protein could be used to provide speciﬁc and
reversible interactions with different particles, for example as an
aid in mineral ﬂotation.
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